SUMMARY The spontaneously hypertensive rat (SHR) exhibits multiple abnormalities of calcium metabolism. Parathyroid hormone (PTH) has been shown to be a potent vasodilator in the SHR as well as other animal species. The current study assessed the influence of short-term manipulation of Ca 2 + balance on PTH-induced vasodilation in the SHR. At 16 weeks of age, seven male SHRs were placed on a 0.02% Ca 2+ (deficient) diet, and eight SHRs were fed a 4% Ca 2+ (supplemented) diet. Before and 2 weeks after the diet switch, blood and urine samples were obtained. Immediately thereafter, the SHRs received graded, bolus intravenous infusions of human (h)PTH 1-34 (0.1 to 100 /xg/kg), and arterial pressure was monitored. The 4% SHR's serum total Ca 2+ rose (p < 0.001) but its serum ionized Ca 2+ was unchanged. Urinary Ca (U^V) increased (p < 0.005), and urinary cAMP declined (p < 0.05) in the 4% SHR. The 0.02% SHR's serum total and ionized Ca 2 + were unchanged while their U Cl V actually increased (p < 0.05) and their urinary cAMP increased (p < 0.01). Both the 4% and 0.02% SHRs exhibited log-dose dependent (p < 0.001) depressor responses to hPTH 1-34. The 4% SHR, however, demonstrated greater (p < 0.01) sensitivity to and prolongation of (p < 0.01) this hypotensive action of PTH. We conclude that PTH is a potent depressor peptide in the SHR. Modification of Ca 2+ balance in the SHR will alter the dose response curve to PTH-induced vasodilation. Alterations in cellular Ca 2+ but not necessarily extracellular Ca 2+ appear to be functionally important in determining the vascular effects of hPTH 1-34. 
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Methods

Protocol
Fifteen male, Aoki-Okamoto SHRs were raised on standard rat chow (1% Ca 2+ by weight) (Teklad, Madison, Wisconsin) until 16 to 18 weeks of age. Seven SHRs were then randomized to a diet deficient in Ca 2+ (0.02% by weight) while the remaining eight were switched to a Ca 2+ supplemented diet (4%). The two diets were otherwise identical to one another as well as to the 1% chow. Immediately before the dietary interventions, blood and urine samples were obtained under metabolic balance conditions. The collections were repeated after 2 weeks on the respective diets just prior to the PTH infusions. The serum was analyzed for ionized calcium, total calcium, magnesium, sodium, and potassium. The timed urines were analyzed for cyclic AMP, calcium, magnesium, sodium, potassium, phosphorus, and creatinine.
For the PTH infusions, synthetic human (h)PTH 1-34 (Peninsula Laboratories, San Carlos, California) was reconstituted with Tris-HCl buffer containing 10% BSA to a strength of 100 /xg PTH/ml, and aliquoted into plastic vials, which were frozen. As needed, aliquots were thawed and dilutions made with 0.9% saline. The SHRs were anesthetized with ketamine HC1 (120 mg/kg) via intraperitoneal injections. Arterial pressure was monitored directly via a cannulated left carotid artery. Patency was maintained with heparinized saline. Systolic, diastolic, and mean blood pressures were measured via a Statham P23Db pressure transducer and recorded on a Gilson MP5 physiograph. Human PTH 1-34 was injected via a venous catheter in graded doses (0. l-100./xg/kg). Blood pressure was recorded at 1 and 3 minutes, and then at 3 minute intervals until it had returned to baseline.
Analytical Methods
Serum sodium, potassium, and ionized calcium were all determined by ion specific electrodes (Applied Medical Technologies, Palo Alto, California). Serum total calcium and magnesium were measured by atomic absorption spectrophotometry (Varian Instrumentation, Palo Alto, California). Serum phosphorus was measured using a standard colorimetric method. Urine sodium, potassium, and creatinine were measured by autoanalyzer. Urinary phosphorus was determined by a colorimetric method, while calcium and magnesium were done by atomic absorption. Cyclic AMP levels were measured by radioimmunoassay (New England Nuclear, Boston, Massachusetts). Analysis of variance, t statistics, and regression analysis were used in the statistical analysis. Reported values represent means plus or minus the standard error of the mean.
Results
Baseline Data
The mean weights for both SHR diet groups were similar (323 ± 5.4 g for the 0.02% group vs 328 ± 7.4 g for the 4% group). Baseline serum and urine chemistries (table 1) were likewise similar, prior to the diet switch. Mean arterial pressure (MAP), however, was significantly higher (203 ± 3 . 4 mm Hg for the 0.02% group vs 184 ± 5.9 mm Hg for the 4% group: p < 0.005) in the SHRs on the deficient Ca 2+ diet for 2 weeks.
Dietary Calcium Manipulations
The mean serum and urine parameters for the SHRs after 2 weeks on their respective calcium diets are also recorded in table 1. Serum total calcium increased in the 4% SHR (p < 0.005) but was unchanged in the 0.02% group. Of note is the observation that serum ionized calcium did not change from baseline on either diet. Figure 1 graphically compares the two diet groups' serum total and ionized calciums. Serum sodium, potassium, and magnesium were similar for both groups. Urinary calcium excretion (U a V) increased dramatically (p < 0.001) in the 4% rats. The 0.02% rats actually exhibited a minimal but significant (p < 0.05) rise in UcV. U r o V decreased on the 4% diet (p < 0.01) and increased on the 0.02% diet (p < 0.01). Figure 2 portrays the differences in urine parameters (U a V, U TO4 V, cAMP) (p < 0.01) between the two groups just prior to the PTH infusions. Sodium and potassium balance was unchanged. Urinary sodium and potassium excretion were similar to that in previous reports. 2 
Parathyroid Hormone
The log-dose depressor response (A MAP) curves of the 4% (p < 0.001) and 0.02% (p < 0.001) diet animals are depicted in figure 3 . As is apparent in both groups, hPTH 1-34 elicited a marked hypotensive response. The 4% SHRs' dose response-curve was shifted to the left (p < 0.01), however, as those animals demonstrated of a greater sensitivity to respective doses of hPTH 1-34. When corrected for baseline MAP (%), both diet groups again exhibited log-dose dependent responses (p < 0.001). The time-course of the two groups' mean arterial pressure response to 5 /tg/kg of hPTH 1-34 is shown in figure 4 . The 0.02% SHRs exhibited a minimal response to the infused hPTH 1-34. In contrast, the 4% SHRs had an immediate (1 minute) reduction in MAP (p < 0.001), with a gradual return to baseline values between 9 and 12 minutes. At the 50 fig/kg dose (fig. 5 ), both the 4% and 0.02% SHRs experienced significant (p < 0.001) reductions in MAP, although the 4% SHRs were once again more sensitive (p < 0.01) in terms of their maximal vasodepressive response at 1 minute as expressed as a percent of baseline. In addition, the duration of the 4% SHRs' hypotension was significantly (p < 0.01) prolonged over that of the 0.02% animals, lasting for over 30 minutes. The lowest mean absolute value for blood pressure recorded was 105 ± 4 mm Hg for the 4% SHRs compared to 135 mm Hg for the 0.02% SHRs (p < 0.01) at one minute following the 50 /u.g/kg dose. Discussion Synthetic human PTH 1-34 produces log-dose dependent hypotension in the SHR. The depressor action of the peptide is immediate in its onset and maximal within 1 minute. In the adolescent SHR (18 weeks of age), short-term modification of the animal's calcium balance alters its responsiveness to PTH. Calcium supplementation enhances the sensitivity and prolongs the duration of hPTH 1-34. Conversely, dietary calcium deprivation lowers the sensitivity to the exogenously administered peptide and shortens the time until recovery to baseline blood pressures. Since the extracellular ionized calcium concentration does not differ between the two groups, the modification of hPTH 1-34 depressor response must reflect principal changes in cellular calcium.
FIGURE 1. Comparison of serum ionized calcium concentrations (mEq/liter) in the 4% (solid bar) and0.02% (stippled bar) just prior to parathyroid hormone (PTH) infusions (no significant difference). Serum total calcium (mEq/liter), however, was higher (p < 0.01) in the 4% SHR.
As one of the principal determinants of calcium balance in humans and animals, PTH exerts profound effects on a variety of end organs (intestines, bones, and kidneys) that are directly involved in calcium homeostatis. In these tissues the peptide acts to stimulate membrane fluxes of several ions, but most importantly calcium. PTH's membrane effects are not limited to these organs, however, as cellular effects may encompass all cells in which calcium is functionally important. Considering the essential role of both membrane and cytosolic calcium in the regulation of vascular smooth muscle cell function, 1 the recent recognition that PTH possesses potent vasoactive properties might have been anticipated. 10 "
12
Parathyroid hormone's physiologic actions can be categorized into three fundamental areas. The first is to maintain calcium balance via actions on the intestines and kidney. The second is to mobilize skeletal stores of calcium at times of negative calcium balance. The third is to facilitate calcium entry into cells where the cation is critical to normal cellular function. Overall, the next effect of PTH's actions is to assure adequate bioavailable calcium to living cells.
The cardiovascular actions of PTH are consistent with that generalized scheme. The peptide promotes vascular smooth muscle relaxation and thereby normalization of vascular resistance. 13 " 15 PTH's vasodilating action appears to be a specific effect that is not modified by other vasoactive hormones and their agonists." There are no demonstrable effects on cardiac output at the doses employed in these experiments. 13 The vascular beds most sensitive to PTH-induced vasodilation are those which contribute the most to determining total peripheral resistance.
10 l3 The structural prerequisites for PTH analogs that possess vasoactive properties are identical to those required for its action on the bone and the kidney. 16 The mechanisms underlying PTH's depressor actions are, in part, related to the peptide's enhancement of Ca 2+ fluxes. 17 The possible pathways involved include activation of calcium channels and/or a primary ionophoric activity of the hormone.
l7 ' 18 The results of this study suggest that the inward flux through Ca 2+ channels is not likely to account for PTH's vasodilating effect. Recent reports indicate that membranes loaded with Ca 2+ exhibit specific inhibition of Ca 2+ entry via the Ca 2+ channels. l9 If PTH-mediated vasodilation were dependent upon Ca 2+ entry through the slow channels, in the present investigation, the Ca 2+ supplementation would have theoretically reduced the SHR's sensitivity to PTH. Our findings documented that just the reverse occurred.
A primary ionophoric effect of PTH as the initial step in the vasodilator response is suggested by our current observations. Parathyroid hormone is known to modify membrane phospholipids via activation of the phosphatidate-polyphosphoinositide cycle. 17 Activation of this membrane-enzyme system has been recognized as a critical regulatory pathway that contributes to controlling normal cellular function. Stimulation of this phospholipid mechanism is associated with rapid mobilization of membrane-bound Ca 2+ and a consequent large flux of Ca 2+ into the cell. 17 The graded slow influx of Ca 2+ down the Ca 2+ channels produces small increments of cytosolic Ca 2+ , activation of myosin light chain kinase, and contraction of the smooth muscle cell. 18 In contrast, the rapid entry of large quantities of calcium evoked by PTH's membrane effects produces a dramatic rise in the Ca 2+ -calmodulin complex, stimulation of membrane pumps which lower cytosolic Ca 2+ and a putative activation of the phosphatases, enzymes that dephosphorylate the actin-myosin-Ca 2+ complex. 120 These mechanisms' net effect would appear to promote relaxation of the smooth musculature. '• 20 While this latter hypothesis remains to be verified, the enhancement of PTH-induced vasodilation observed in the present study following Ca 2+ -loading of the SHR is supportive of that postulate.
Our results may also provide additional insights into the pathogenesis of the SHR's genetic hypertension. Multiple abnormalities of cellular calcium have been noted in this animal model. 2 " 6 The paradoxical rise in U Cl V noted in our 0.02% SHRs is likely another manifestation of this experimental animal's renal defects in calcium handling. 21 -22 Collectively these defects have suggested that the SHR possesses a primary and fundamental abnormality of bioavailable and transport of Ca 2+ in membranes. A reduction in membrane Ca 2+ would favor the activation of membrane and cytosolic mechanisms that result in smooth muscle contraction.
As noted in this and other studies, increasing dietary Ca 2+ in the young SHR lowers the basal blood pressure, and in the mature SHR largely reverses the "established" hypertension.
2 6>8 In addition, Ca 2+ -loading appears to enhance the action of exogenously administered vasodilators such as PTH.
In summary, hPTH 1-34 induces log-dose dependent vasodilation in the SHR. The peptide's hypotensive effect is rapid in onset, being maximal at one minute. The hypotensive response of the SHR to exogenously administered PTH is modified by shortterm dietary manipulations of the animal's Ca 2+ balance. The increased sensitivity seen with Ca 2+ supplementation must reflect an alteration in cell membrane Ca 2+ and/or cystolic Ca 2+ , as extracellular Ca 2+ is unchanged in these studies.
